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SUMMARY 
The objective of this investigation is to compare the 
stamping behavior of two copper alloy spring materials. 
Specifically, the effects of the material work-hardening 
capacity, ultimate tensile strength, and tensile fracture 
ductility on the width of the stamping shear deformation 
zone, peak stamping force requirements, and punch penetration 
at slug separation were investigated. Phosphor bronze and 
spinodal Cu-4Ni-4Sn, both processed by solution heat treating 
and cold rolling to different strength levels, were punched 
to varying depths using different die clearances. Samples 
were sectioned and characterized by metallography and micro-
hardness testing; empirically developed micro-hardness 
versus tensile plastic strain relationships were used for 
analysis. 
Results showed the stamping shear deformation zone 
to be related to die clearance but unrelated to the work-
hardening exponent of the material and unrelated to punch 
penetration. Punch penetration at slug separation is propor-
tional to tensile fracture ductility. Peak stamping forces 
are related to the ultimate tensile strength and hardness of 





The relationship between a material's mechanical 
properties, as determined by heat treatment and cold work, 
and manufacturing parameters in stamping is generally 
unknown. Some empirical rules as to thickness of stock, 
type of workpiece material, and die clearance are currently 
applied in stamping, but a materials engineering basis for 
selecting workpiece condition or die clearance has not been 
established. As a result, the engineering of a stamped 
product in both the product design and manufacture must 
usually rely heavily on the engineer's intuition or previous 
experience with a given workpiece material. 
Phosphor Bronze (Copper Alloy 510, 94.8Cu-5Sn-0.2P) 
is commonly used for spring connector devices [1]. This alloy 
* 
The term "stamping" used here broadly includes the 
operations commonly referred to as punching or piercing, in 
which the material removed from the sheet or strip is scrap, 
and blanking, in which the material removed is the product. 
** 
Die clearance commonly refers to either the clearance 
per side, i.e. the difference in radii for a round punch and 
die, or the overall clearance, i.e. the difference in 
diameters for a round punch and die. Die clearance as used 
here always refers to the clearance per side unless stated 
otherwise. Clearance is expressed as a percent of the work-
piece material thickness. 
2 
is strengthened by coldworking (rolling) to the desired 
reduction and is used at 0.21 offset yield strengths in the 
range of 65-100 ksi. Gohn, Guerard, and Freynik [2] have 
characterized the mechanical properties and behavior of the 
phosphor bronzes. A relatively new type of copper alloy 
with nickel and tin alloying elements has been recommended 
for application as a spring material [3]. Alloys containing 
4-201 nickel and 4-10% tin can provide very high strengths 
by appropriate combinations of cold work and heat treatment. 
The strengthening in these alloys occurs by spinodal decompo-
sition [4,5,6]. Piece parts properly designed could be stamped 
out from such a material in the as-rolled (soft) condition 
and subsequently aged to the hard condition. 0.011 offset 
yield strengths in the range of 100-200 ksi have been achieved 
with these spinodal copper alloys. However, the mechanical 
properties of the full range of compositions of this alloy 
have not been published. 
1.2. Objectives 
The broad objective of this investigation was to 
compare the stamping behavior of the two types of copper 
alloys which strengthen by quite different metallurgical 
mechanisms. The particular spinodal alloy chosen was 92Cu-
4Ni-4Sn. Both alloys, CA 510 and Cu-Ni-Sn were obtained in 
two different conditions, representing different levels of 
cold-rolling: the CA 510 was obtained in the half hard and 
3 
spring tempers and the Cu-Ni-Sn alloy was in the hard and 
spring tempers. These are qualitative terms commonly used 
in copper alloy technology to describe degrees of cold work 
[7]; the specific properties will be described later. 
The specific objectives of the investigation were: 
(a) To establish relationships between readily obtained 
material properties, from tensile and hardness tests, and 
the level of punch penetration at slug separation and the 
peak punch loads for various punch-to-die clearances. 
(b) To investigate the strain-hardening patterns 
developed in these workpiece materials as a stamping punch 
penetrates them with various die clearances. 
(c) To investigate the utility of microhardness 
profiles for experimental analysis of the stamping process. 
The strain hardening behavior of these materials in 
tension was characterized and then the strain hardening 
behavior in static shearing was analyzed in terms of punch 
penetration into the workpiece and punch-to-die clearance. 
Tensile properties are related to behavior in dry quasi-
static shearing with a typical stamping die. 
1.3. Discussion of the Problem 
Figure 1 shows a typical geometry for a stamping punch 
and die. The die clearance is based on workpiece thickness, 
the desired appearance of the sheared edge, tool wear 
considerations, and to some extent the mechanical properties 
k 
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Fig. 1. Typical Stamping Die Geometry 
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of the workpiece material. This clearance has the effect of 
adding a bending moment to the shear load imposed on the 
workpiece by the punch and die (see Appendix 4). Increased 
die clearance gives an increased bending moment which causes 
slug separation at an earlier punch penetration and a 
consequent narrowing of the shiny burnished zone typical of 
the sheared surface on a conventional stamped part, Figure 2. 
Die design handbooks offer guidelines for the determination 
of optimum clearances [8-12]. However, such guidelines 
typically group the workpiece materials into broad composi-
tional categories (i.e. aluminum alloys, brasses, etc.) 
without regard to specific material properties and are 
frequently contradictory. Materials exhibiting different 
strength or ductility properties require different die 
clearances to achieve similar sheared edge characteristics 
in stamping. The die designer must thus rely on previous 
experience with a given material, his intuition, or a proven 
means of evaluation to establish die clearance within the 
broad guidelines offered by handbooks. 
Stamping forces are also of prime interest to die 
designers. The maximum force on the punch is given [10] by: 
P = L T S (1) 
where P is the maximum punch force, L is the length of the 
perimeter of the punch, T is the workpiece thickness, and S 
Fig. 2. Shear Surfaces of Half Hard Phosphor 
Bronze Stamped with yfo (Top) and 9% Die Clearance 
(10X) 
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is the shear strength of the workpiece material. While there 
is general agreement in the literature on this relationship, 
there is some question as to whether or not die clearance 
affects the maximum stamping force. Several sources suggest 
increased maximum stamping load with decreased die clearance, 
while others report the opposite or no variation at all in 
maximum force with changing die clearance. 
1.4. Review of the Literature 
The literature on experimental and analytical investi-
gations of the stamping process describes the effects of 
process variables (workpiece material, stock thickness, blank 
diameter, die clearance, punch rake angle, and punch penetra-
tion) on the plastic deformation pattern, crack initiation 
and propagation to slug separation, punch load, edge appearance 
of the blank, blank curvature, and in-process horizontal 
loading on the blank. Considerable attention has been given 
to tool wear and life as well. The work most relevant to the 
present investigation is that in the areas of workpiece 
plastic deformation patterns, crack initiation and propaga-
tion, punch loads and punch penetration at slug separation. 
Chang and Swift [13] etched square grids on the edges 
of metal bars and described the grid deformation as the punch 
penetrated the bars in quasi-static shearing. Peak punch 
loads were found to drop very slightly with increasing die 
clearance from nil to 15% for both soft copper and mild 
8 
steel. In shearing, soft copper and soft aluminum, lead, 
and tin deform by sliding in shear to complete slug separation, 
while hard copper and hard aluminum formed cracks in the defor-
mation zone which propagated away from one another leaving 
tongue-like facets on the sheared surfaces. 
Chang [14] later attributed some of the results of the 
above study to edge effects. He made through-thickness 
sections of mild steel and aluminum workpiece materials and 
etched grids on the section planes, fitted the two halves 
of the workpieces back together, then stamped out circular 
blanks. Deformation of these grids were studied at various 
punch penetrations, die clearances, and in the two different 
workpiece materials. Aluminum again plastically sheared to 
slug separation but the tongue-like facets which previously 
[13] developed in mild steel disappeared at die clearances 
over 10% of the material thickness. Chang also monitored 
punch loads versus workpiece material, die clearance, blank 
diameter, and punch rake angle. His results indicated a lower-
ing of the maximum punch load with increasing die clearance 
from nil through 10% of stock thickness for both mild steel 
and aluminum. 
The Production Engineering Research Association (PERA) 
of Great Britain conducted an extensive metallographic 
investigation into the stamping process [15]. One feature 
of this research was the use of microhardness surveys on 
sectioned 3/8 inch thick workpiece samples of annealed 0.1% 
9 
carbon steel penetrated to various depths by punches with 
different edge configurations. The Vickers diamond pyramid 
indenter was used with a 1kg load to form microhardness 
profiles with 0.2 mm horizontal spacings and 0.5 mm vertical 
spacings. The resultant detailed microhardness profiles 
showed maximum work hardening near the punch and die corners. 
It was concluded that, for conventional stamping, cracks 
formed at the edge of the severely deformed region and that 
crack propagation followed the contours of the steepest 
hardness gradients. Also, a single line of hardness measure-
ments across the deformation zone would discern variations in 
the workpiece due to differing punch and die edge configura-
tions. This approach was applied to soft and hard copper, 
soft brass, and soft and half hard aluminum alloy workpiece 
materials. The investigators [15] concluded: 
(a) Crack propagation follows the boundary of the 
zone of intense work hardening in the soft materials, except 
in soft brass where it follows the shear line. 
(b) Only in annealed materials does the total width 
of the work hardened zone vary with material thickness and to 
a lesser extent with die clearance. 
(c) The position of the maximum hardness gradient 
varies with stock thickness. 
(d) Distinct differences between annealed and work 
hardened materials can be seen in the strain hardening 
developed in the piercing operation. 
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Several investigators studied punch load as a function 
of workpiece material, die clearance and punch penetration. 
There is disagreement as to the effect of die clearance on 
the maximum punch load. As noted above, Chang [14] found a 
decrease in maximum punch load with an increase in die 
clearance for aluminum and steel. 
Tilsly and Howard [16] studied the forces required for 
the blanking of copper and mild steel as a function of die 
clearance. Using a dynamometer they showed that maximum 
punching load increases linearly with die clearances up to 
about 19% of material thickness. 
Biegel [17] used a dynamometer to assess stamping 
forces for steel as a function of die clearance, and showed 
that the maximum punch force was unaffected by die clearance. 
The punch load reached a maximum at more shallow punch 
penetrations as the die clearance increased, corresponding 
to the more narrow burnished land on the sheared surface 
when larger die clearances are used [18,19]. This also leads 
to a decrease in the total amount of energy required for 
stamping [17] . 
Two groups of researchers developed analytical models 
of the stamping process. Masuda and Jimma [20] divided the 
punch penetration into four parts, assumed a plastic-rigid 
workpiece material, and used limit analysis and slip line 
fields to analyze the workpiece deformation process. Their 
four-part model shows a linearly decreasing punch load as 
11 
the punch penetrates with zero die clearance. With increasing 
die clearance, a constant peak punch load is predicted. 
Moreover, a delayed slug separation is predicted with increas-
ing die clearance in contrast with observed stamping behavior. 
Maeda, et al. [21] analyzed the forces imposed on the blank 
as it is being formed in order to develop an analytical 
expression for the "dishing" curvature of circular blanks 
based on die clearance, punch and die deflections, punch 
penetration, and tool-workpiece friction. Among their 
empirical data is a plot of shearing resistance versus die 
clearance, showing only a slight dip in force at about 25% 
clearance. 
In summary, studies to date of maximum punch load 
as a function of die clearance have had conflicting results. 
Chang and Swift [13] and Chang [14] predict a decreasing 
maximum load with increasing clearance. Tilsey and Howard 
[16] found an increasing maximum load with increasing 
clearance. Biegel [17] and Maeda et al. [21] experimentally 
showed the peak load unaffected by clearance, in agreement 
with the analytical model developed by Masuda and Jimma [20]. 
From these experimental results, the effect of die clearance 




2.1. Experimental Plan 
The experiments consisted of three parts. The first 
part was the development of a relationship between micro-
hardness and true plastic strain in tension; the plastic 
strain was based on the reduction in cross-sectional area of 
tensile test samples and calculated as: 
e. = In A /A. (2) 
1 O 1 v J 
The tensile properties of the alloys and tempers were 
established. The second part of the experiment consisted of 
a series of dry quasistatic stamping tests on the four mater 
ials with varying levels of punch penetration and nominal 
die clearances of 3%, 6%, and 9%. Selected samples were 
metallographically sectioned for determination of micro-
hardness profiles across the shear deformation zones. These 
microhardness profiles are related to the microhardness 
versus tensile plastic strain relationships generated in the 
first part of the experiment. Data from the shearing tests 
are also related to tensile test data collected in the first 
part of the experiment. The third part of the experiment 
13 
consisted of tensile tests conducted over a range of strain 
rates to determine if any of the properties of these 
materials was strain-rate sensitive. 
All hardness tests in the experiment were performed 
on a vertical/longitudinal plane near the center of the 
strip as shown in Figure 3. 
2.2. Test Equipment 
The twelve tensile tests for the microhardness versus 
plastic strain correlation were performed on an Instron Model 
TTD tensile tester. The twenty tensile tests for the strain-
rate sensitivity investigation were performed on an Instron 
Model 1251 tensile tester. The 83 quasistatic stamping tests 
made were performed on a Baldwin Model 60-H Universal Testing 
Machine using a Baldwin Type POIM strain follower and a 
Baldwin Microformer stress-strain recorder; this arrangement 
gave a 50:1 amplification of the punch displacement. All 
microhardness tests (approximately 2270) were done on a 
Leitz Miniload hardness tester. 
The stamping tool used in this experiment consisted 
of a Danly all-steel precision two-post die set in which 
were mounted a standard Di-Acro Houdaille punch and one of 
three interchangeable dies giving three different die 
clearances. The dimensions of the punch and dies used are 
shown in Figure 4. The punch face was flat and the punch 
and die edges were sharp. No spring-loaded stripper was 
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provided, however a hold-down plate was used to locate the 
sample and keep it relatively flat during the stamping 
operation. 
2.5. Materials Tested 
The materials tested are described in Table 1. The 
tempers were chosen to represent a range which is of commer-
cial interest in the manufacture of spring connector devices. 
2.4. Experimental Procedure: Microhardness 
Versus Plastic Strain 
Three tensile test specimen blanks, 4 inches long and 
one-half inch wide, were cut from the centers of adjacent 
one-foot lengths of the strip samples of each of the four 
materials listed in Table 1, and numbered. The thickness of 
each blank was measured at its longitudinal center and one-
half inch either side of the center and the three thickness 
measurements averaged. The measurements were made to the 
nearest 0.0001 inch with a vernier micrometer. 
Tensile test specimens were then fabricated from the 
blanks in accordance with ASTM Standard E8, using a Tensilkut 
router. The twelve subsize specimens (1 inch gage length 
and one-fourth inch gage width) were fabricated in random 
order. The width of each specimen was measured to the 
nearest 0.0001 inch with a vernier micrometer at the center 
of the gage section and one half inch either side of the 
center, and the three width measurements were averaged. 
Table 1. Materials Tested 
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In random order, the twelve specimens were loaded to 
failure in an Instron Model TTD tensile tester, with a cross-
head speed of 0.2 ipm, a chart speed of 10 ipm and a full-
scale chart deflection of 10,000 lb. From the force-
elongation print-outs the loads at 0.2% offset yield, the 
ultimate, and fracture were noted. An average original 
cross-sectional area (A ) was calculated for each specimen 
using the average thickness and average width as described 
above. The A was then divided into the 0.21 offset yield 
load and into the ultimate load for each specimen to obtain 
the engineering 0.2% offset yield strength and ultimate 
tensile strength (UTS). These data are given in Table A3-1, 
Appendix 3. 
The fracture area of each half of each failed specimen 
was measured by observing the area end-on at 40X in a 
microscope, thus measuring the projected area normal to the 
specimen axis. The two measured areas from each specimen 
were averaged and the average fracture area, Ar, was recorded. 
These average fracture areas were divided into the fracture 
loads for the respective specimens and the true stress at 
failure was recorded for all 12 specimens. The true strain 
at failure, given by 
e f = In AQ/A£ (3) 
19 
was also calculated for each specimen. The local radius of 
curvature of the necked region near the fracture was estimated 
for both sides of each specimen using radius gages. The 
radii from each side were averaged for each specimen and 
recorded along with the thickness at the fracture. The 
Bridgman correction factor [22] for rectangular cross-section 
tensile samples, given by 
1 II 
C.F. = (1 + 2R/a)? log[l + a/R + (2a/R)2(l + a/2R)2] - 1 (4) 
where a is half the specimen thickness at the fracture and 
-
R is the local radius of curvature at the neck, was calculated 
for each sample and multiplied by the true stress at failure 
to correct for the effect of the hydrostatic stress state 
developed in the tensile sample neck. These fracture strain 
and fracture stress data are given in Table A3-1, Appendix 3. 
The longer half of each fractured tensile sample was 
viewed at 40X in a microscope and the intersection of the 
longitudinal axis of the sample with its fracture surface 
was selected as a reference point. The width of the test 
specimen piece was measured to the nearest 0.0001 inch at 
distance increments of 0.005 inch from the reference point 
in the specimen axial direction. For each test specimen 
piece, a plot was made of width versus distance from the 
reference point. A sample of these plots is given in 
Appendix 3. 
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The longer half of each specimen was then metallograph-
ically mounted for observation of the vertical/longitudinal 
plane, and the specimen ground off and polished to its width-
wise center (see Figure 3). This polished plane thus 
included the reference point described in the above paragraph. 
In random order, the twelve mounted specimens were 
selected for microhardness indentation tests using the Vickers 
136° diamond pyramid indenter, Figure 5, with a 200 gm load, 
according to ASTM Standard E384-73. In these tests, as in 
all subsequent tests in the experiment, the load was applied 
for 25 seconds and the indentations were located using a 
vernier micrometer adjustment to move the platform with the 
test specimen firmly attached. The first indentation was 
made 0.36 mm from the through-thickness center of the 
fracture surface. Successive indentations were made at 0.18 
mm increments (see Appendix 2) of distance from the fracture 
surface, to the region of uniform strain as indicated by the 
tensile specimen width measurements described above. The 
indentations were measured and the hardness readings were 
listed in columns in ascending order of distance from the 
fracture surface. The mounted specimens were then viewed 
at 40X on a microscope and the specimen thickness at each 
hardness indentation was measured to the nearest 0.0001 
inch and recorded. 
The distance from the reference point at the fracture * 
surface to the first hardness indentation was measured 
21 
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Fig. 5. Photomicrograph of Vickers 
Hardness Indentation in Hard Temper 
Cu-̂ Ni-fj-Sn (500X) 
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parallel to the specimen axis. From this measurement, the 
first indentation was located on the width versus distance 
plot described above. 
From the location of the first indentation on the 
width versus distance plot, the widths at 0.18 mm increments 
on each plot were noted and recorded along with the respec-
tive microhardness and thickness values from the above 
paragraph. Thus, for each microhardness reading, a cross-
sectional area/ftas calculated, and finally, the true strain 
was calculated using A . A sample of these data are given 
in Appendix 3. 
Two 3/4 inch long samples were taken from each material 
and metallographically mounted and ground and polished to 
the width-wise center of the strip. After etching these 
samples, they were selected in random order for microhardness 
indentation. Five indentations were made in each sample and 
the indentations were measured and hardness values recorded. 
Then the ten hardness values for each material were averaged 
together to give a zero-strain hardness value. These data 
are given in Appendix 3. 
A plot of VHN versus true strain was made for each of 
the four materials, each plot being a combination of data 
points from three tensile samples. The VHN versus true 
strain data points for each material were fitted to a curve 
* 
of the form 
*-This is the form of the Holloman logarithmic stress-
strain relationship [23]. 
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VHN = aeb + VHNI (5) 
•e«0 
using a least squares fit program provided by Hewlett-
** 
Packard and run on a Hewlett-Packard model 9100B calculator. 
2.5. Experimental Procedure: Stamping Tests 
Seventeen two-inch squares were cut from adjacent 
six-inch lengths of the strips of both HHPB and HCNS (see 
Table 1) and seven squares were cut from adjacent lengths of 
both the STPB and the STCNS strips. The squares were 
numbered and the thickness of each was measured to the 
nearest 0.0001 inch near its center using a vernier micro-
meter. The numbered squares were randomized for the following 
series of tests, which are outlined in Table 2. 
Two samples of each material were punched through to 
slug separation using the 1.015 inch square die (for approxi-
mately 6% die clearance) and an approximate punch travel 
speed of 0.050 ipm; the strip rolling direction was oriented 
the same in all cases. The point of slug separation and 
consequent load drop-off was noted on the force-penetration 
profile generated with each test. A sample profile for each 
material is given in Appendix 3. For each material, the 
average (of two samples) punch penetration at slug separation 
was computed, as a percent of the sample thickness. Next, 
3FS 
Taken from the Hewlett-Packard Calculator Model 
9100B Program Library; Program No. 70811, Least Squares 
Fit-Power Curve; Part No. 09100-70812; November 15, 1968. 
Table 2. Stamping Test Experiment 
Material Die Clearance 
3% 6% 9% 
puncn~~matrix puncn-matrix puncn~~matrix 
pen. size pen. size pen. size 
HHPB 11% 5X35 
25% 1X15 22% 5X35 22% 1X15 
(49%) 1X10 33% 5X35 (43%) 1X10 
(43%) 5X17 
STPB 13% 1X15 
(25%) 1X10 
HCNS 11% 5X35 
23% 1X15 22% 5X35 20% 1X15 
(47%) 1X8 32% 5X35 (40%) 1X10 
(43%) 5X17 
STCNS 17% 1X15 
(33%) 1X10  
* 
This table gives the die clearances and punch penetrations for each 
material for which metallographically sectioned samples were prepared and the 
size of the hardness indentation matrix which was established on each sample 




one sample of each material was punched to 1/4-, one sample 
to 1/2-, and one sample to 3/4 of the percent penetration 
required for slug separation for that material. Penetrations 
in all cases were based on the force-penetration profiles 
and made as a percentage of material thickness. Peak loads 
were read from a direct-readout gage on the universal testing 
machine used. 
The samples of HHPB and HCNS at 1/4, 1/2, and 3/4 of 
slug separation penetration and one of the separated samples 
for each of these two materials were metallographically 
sectioned, mounted, polished, and etched for observation of 
a vertical/longitudinal plane near the center of the strip 
(see Figure 3). Microhardness grids were made on each of 
these samples according to Figures 6a and 6b, using the Vickers 
indenter with the 200-gm load. The samples of STPB and STCNS 
at 1/2 of slug separation penetration and one of the separated 
samples for each of these two materials were prepared as 
above for observation of a vertical/longitudinal plane near 
the center of the strip. Microhardness grids were made on 
each of these samples according to Figures 6c and 6d. 
Photomicrographs of examples of these grids are shown in 
Figure 7. 
Two samples each of HHPB and HCNS were punched through 
to slug separation using the 1.008 inch square die (for 
approximately 31 die clearance) and an approximate punch 
travel speed of 0.050 ipm. Again, the punch penetration at 
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slug separation was computed as above, based on an average 
of two tests for each material. One sample of each of these 
two materials was then punched to 1/4, one sample to 1/2, 
and one sample to 3/4 of that material's slug separation 
penetration for the 1,008 inch die. This procedure was 
repeated for HHPB and HCNS using the 1.024 inch die for 
approximately 9% die clearance. 
The samples of HHPB and HCNS punched to half their 
separation penetration with the 1.008 inch die and with the 
1.024 inch die and the side of one of the separated samples 
of each of those two materials with each of those two dies, 
were also metallographically sectioned, mounted, polished, 
and etched for observation of a vertical/longitudinal plane 
of the strip. Microhardness grids were made on each of 
these samples according to Figures 6c and 6d. 
Twelve additional two-inch squares of each of the 
four materials were then cut from adjacent 6-inch lengths of 
the material strips. These samples were punched to near slug 
separation, using the 1.016 inch square die. Samples of each 
of the materials were selected from this group and metallo-
graphically sectioned, mounted, polished, and etched for 
observation by light microscopy to check for crack formation 
in the deformation. For each material, one of these mounted 
samples which did not show crack formation was selected for 
hardness tests down the deformation line according to Figure 
6e. 
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2.6. Experimental Procedure: Strain Rate 
Sensitivity Tests 
Five tensile test specimens of each material were 
fabricated as detailed in the first two paragraphs of Section 
2.4. The samples were made in random order, and were 
randomized for the following tests. 
Two tensile samples of each material were strained to 
failure at a crosshead speed of 0.1 mm/min. Next, two 
samples of each material were strained to failure at a cross-
head speed of 10 mm/min. Finally, one sample of each was 
strained to failure using a crosshead speed of 100 mm/min. 
In all of these tests, a one-inch extensometer was used to 
monitor the strain. Thus, based on a one-inch gage length, 
strain rates of 7X10"5, 7X10"3, and 7X10-2 sec'1 were 
obtained. 
The 0.2% offset yield strength, ultimate tensile strength, 
and true strain at failure according to Eq. 3 were recorded 
for each test. These data are given in Appendix 3. 
2.7. Metallographic Sample Preparation 
Fractured ends of tensile samples to be mounted were 
cut off with a shear. Stamping samples were sectioned with 
a Buehler cut-off wheel, making the section near the longi-
tudinal centerline of the strip. All samples were mounted 
in Diallyl Phthalate (Blue) in a Buehler press. The initial 
thicknesses of the mounted samples of the tensile specimens 
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were measured to the nearest 0.0005 inch with dial calipers. 
In the first two steps these samples were ground to within a 
few thousandths of the tensile sample (and original strip-) 
centerline. 
All samples were ground on 150-grit and 300-grit size 
papers on a wet belt sander. Next, the samples were ground 
on a wet grinding wheel with discs of 240-grit, 400-grit, 
and finally 600-grit size paper. Samples were polished in a 
vibratory polisher for 1-2 hours in a suspension of 0.05 
micron alumina powder in a 50 vol% mixture of water and 
ethylene glycol. This suspension medium increased the 
polishing time approximately twofold, but helped avoid 
pitting of the samples during polishing. 
A ferric chloride etchant was applied with a cotton-
tipped swab, followed quickly by a water rinse. After 
rinsing, the samples were dried with a warm-air blower before 
applying additional etchant. The phosphor bronze tended to 
etch darker than the Cu-Ni-Sn alloy. 
This metallographic sample preparation procedure is in 




RESULTS AND DISCUSSION OF RESULTS 
3.1. Results 
Experimental data relating microhardness with true 
plastic tensile strain are plotted in Figures 8a-8d. Also 
plotted in Figure 8 are the respective plots of Eq. 5. 
Microhardness plots from grids made as in Figure 6a 
across the shear deformation zones of HHPB at 10, 20, and 30 
percent punch penetration with 6% die clearance are given 
in Figures 9a-9c. Microhardness plots from a grid made 
according to Figure 6b on a HHPB sample punched through to 
slug separation with 6% die clearance are shown in Figure 9d. 
A similar series of plots for HCNS with 6% die clearance for 
10, 20, and 30 percent punch penetration and post-slug 
separation are given in Figure 9e-9h. 
Figures 9i and 9j show microhardness profiles for 
STPB with 6% die clearance obtained from grids made according 
to Figures 6c and 6d with 131 punch penetration (half that 
required for slug separation) and post-slug separation. 
Similar profiles for STCNS with 61 die clearance at 17 
percent punch penetration (half that required for slug 
separation) and post-slug separation are shown in Figures 





















M^ - * W ^ ~ ° +rti.4 
MALE- ^Agp TEmpee, CA 5 io 
^fWMUl 
1*1 r— 






1.0 I.I 1.2 
i 
I .* 
TfcOG- STEAlN . 6 - LW A«>/A 
" T - - r -
i.6 
fig. 8a. VHN Versus True Straini HHPB 
u) 
5Ee%ii!*£g Casio 
O O.I 0 * 0.3 o/| 0 * 0-fo o . l 0.8 o.S 
Teot- STO^M , e - LN V A 
.269 
^ ^ W e * +194.9 
1.0 
[fig. 8b. VHN Versus True S t r a i n : STPB 
240n 
dO-™" WAfe +IUO 
4AgDT \̂Pgg- Cu-dm~<]SM 
no-
0,1 o.z o4 
" T -
o.s 03 0  o.t on o.& o.Q 
Teoc- sre&iw^ 6 - L M ^ / A 
Fig. 8c. VHN Versus True Strain: HCNS 
— i — 




















—i 1 r— 
Q.\ O.Z 0.3 
* 
L ̂Too3 M^°*4ZlS.4 
SPtaNbTEmpge. C O - 4 K I - 4 S N 
0.9 
-* 1 1 1 1 — 
oM os o.b o.i o.a 
Teoc- STOMN, e = UA«>/A 



































• • • » 
-*-*-
» • . . 





























Fig 9a, Microhardness Profiles on Sectioned 






































Fig. 9a, Continued: HHPB, 6% Die Clear., 



























































Fig 9b. Microhardness Profiles on Sectioned 
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Fig. 9b., Continued! KHPB, 6% Die Clear., 
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Fig. 9c Microhardness Profiles on Sectioned 
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Fig. 9c, Continued! HHPB, 6% Die Clear., 
33% Punch Pen. 
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Fig 9d. Microhardness Profiles on Sectioned 
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Fig. 9e. Microhardness Profiles on Sectioned 





































Fig. 9e.t Continuedi 
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Fig. 9f., Continued* HCNS, 6% Die Clear., 
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Fig. 9g. Microhardness Profiles on Sectioned 
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Fig. 9g., Continued! HCN3, 6% Die Clear., 
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In Figures 10a and 10b microhardness profiles for 
HHPB are given for 3% die clearance at 2 5 percent punch 
penetration (half that required for slug separation) and 
post slug separation from grids made according to Figure 6c 
and 6d. Figure 10c and lOd give the microhardness profiles 
for HHPB with 9% die clearance at 221 punch penetration 
[half that required for slug separation) and post-slug 
separation from grids made according to Figures 6c and 6d. 
Figures lOe and lOf show hardness profiles for HCNS with 3% 
die clearance at 2 3% punch penetration (half that required 
for slug separation) and post-slug separation from grids 
laid out according to Figures 6c and 6d. The same hardness 
indentation grids for HCNS with 9% die clearance at 19.5% 
punch penetration (half that required for slug separation) 
and post-slug separation yielded the hardness profiles shown 
in Figures lOg and lOh. 
Hardness measurements made according to Figure 6e 
along the shear deformation lines of samples of all four 
materials just prior to slug separation with 6% die clearance 
are plotted in Figure 11. 
Crack formation at incipient slug separation with 6% 
die clearance is shown for HHPB, STPB, and HCNS in photo-
micrographs in Figures 12a through 12c, respectively. Such 
crack formation was not found in any of several STCNS 
samples checked. 
Table 3 summarizes tensile test data, strain hardening 
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Table 3. Summary of Data from Hardness, Tensile, 
and Stamping Tests 
Material HHPB STPB HCNS STCNS 
0.2% yield strength, ksi 58.5 83.1 78.8 97.3 
UTS, ksi 66 87 81 99 
ef - In AQ/A£ 1.4 0.7 1.0 0.8 
IRA at failure 75 48 65 54 
"Corrected" fracture 
stress, ksi 161 126 131 136 
VHN, e = 0* 150 190 180 215 
94 25 39 6 
.34 .27 .37 0 
Proportionality constant, K 
* 
Strain-hardening exponent, n 
% penetration at slug 
separation 
31 die clearance 49 47 
6% 43 26 43 31.5 
9% 43 40 
Max. nominal shear 
stress, ksi 
3% die clearance 37 37 
6% 36 40 37 44 
9% 37 37 
* 
These values are from the least squares fits of VHN 
vs. true strain data to equations of the form: 
VHN = Ke11 + VHN 
e = 0 
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equation constants, and data obtained from the quasistatic 
stamping tests. In Figure 13, the UTS and zero-strain 
Vickers hardness numbers of the materials are plotted against 
the maximum nominal shear stress obtained from the stamping 
tests with 61 die clearance. In Figure 14, the true strain 
at failure and the percent reduction in area for all the 
materials are plotted against the percent penetration at 
slug separation from the stamping tests with 61 die clearance. 
Table 4 gives the results of the tensile strain rate 
sensitivity tests. 
5.2. Discussion of Results: Tensile Tests 
The tensile test data in Table 3 show tensile strengths 
ranging from 66 ksi for HHPB to 99 ksi for STCNS. Available 
manufacturers published data typically advertise a tensile 
strength of about 100 ksi for CA 510 in the spring temper, 
which is 13 ski higher than the results of these tests 
indicate; the half hard CA 510 tensile strength is well within 
advertised ranges. The spinodal Cu-Ni-Sn has a markedly 
higher tensile strength in the spring temper than does the 
CA 510 (99 ksi versus 87 ksi); the spring temper CA 510 is 
only slightly stronger then the hard temper spinodal. The 
logarithmic true strain at failure, a measure of fracture 
ductility, ranges from 0.7 for STPB to 1.4 for HHPB. In the 
spring temper, the STCNS shows slightly higher fracture 
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Table 4. Strain Rate Sensitivity Test Results 
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Material £ 
0.2IY UTS IRA 
HHPB 0.004 57.5±0.3 63.6±0.2 72.4±1.3 1.3±0.03 
0.4 57.2 63.2±0.4 75.9±2.3 1.4±0.10 
4.0 57.8 63.5 75.2 1.4 
STPB 0.004 80.7±1.4 84.8±0.8 53.2±2.6 0.76±0.06 
0.4 80.2±2.8 88.6±0.3 49.7±6.8 0.69±0.13 
4.0 84.4 89.5 52.7 0.75 
HCNS 0.004 76.2±0.8 78.9±0.4 65.5±1.1 1.06±0.03 
0.4 75.8±0.1 81.1±0.5 63.7±0.1 1.01±0 
4.0 79.4 82.1 63.3 1.00 
STCNS 0.004 91.4±0.1 96.2±1.0 56.1±0.6 0.83±0.01 
0.4 97.0±1.2 99.0±0.7 53.4±3.0 0.76±0.06 
4.0 97.3 99.7 54.6 0.79 
4* -I *7 
e~[min" ]; G02%Y>
 aUTS~^10 PsiJ 
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corrected true stress at failure than any of the other 
materials, due to its high strain hardening exponent; it was 
25 ksi higher than that of the STPB, 161 ksi versus 126 ksi. 
In the Cu-Ni-Sn alloy, however, the spring temper showed a 
slightly higher corrected fracture stress than the hard temper, 
136 ksi versus 131 ksi. 
In performing these tensile tests, sizeable voids were 
noticed on the fracture surfaces of tensile specimens of 
HHPB, HCNS, and STCNS. After sectioning samples of these 
materials, lamination cracks from the cold-rolling operation 
were discovered in these materials; these were attributed to 
improper treatment in the final annealing operation. The 
voids on the fracture surfaces were lamination cracks opened 
by the triaxial tensile stress state in the necks of the 
tensile samples as they strained to failure. As it was not 
feasible to reorder the materials at that point in the 
investigation, this defect had to be accepted throughout the 
study; however it was not considered to have a significant 
effect on the experimental results. The voids which appeared 
on the fracture areas as a result of these cold-rolling 
laminations were approximated as ellipses in measuring the 
fracture areas; the major and minor axes, a and b, of these 
elliptical voids were measured and the void areas were 
calculated as A • J = frab and subtracted from the gross 
fracture area measurements. The resultant net areas were 
used as the fracture areas, An, in all calculations. 
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Two difficulties were encountered in applying the 
Bridgman correction factor to obtain a corrected true stress 
at failure. From a theoretical viewpoint, the Bridgman 
analysis [22] assumes contractions only in the through-
thickness direction of the necking tensile sample, ignoring 
width-wise strains. While this is a reasonable assumption 
for tensile samples with a high width, thickness ratio in 
the gage section, it is expected to give conservative correc-
tion factors for samples with large width reductions relative 
to thickness reductions, as is the case with the samples 
used in this investigation. A practical difficulty with 
application of this correction factor is the estimation of 
the radius of curvature in the neck of the tensile sample. 
This radius varies across the neck of a given sample and 
from the top of the sample to the bottom. Thus, at best, a 
rough estimate of the radius was made, using the 1/64-inch 
increment radius gages near the lateral center of the sample. 
The largest Bridgman correction factors were calcu-
lated for HHPB; those for STCNS were slightly lower and the 
lowest factors were calculated for STPB and HCNS, which 
had similar correction factors. The application of the 
correction factor did not, in general, alter the scatter in 
the true stress at fracture values for any one material. 
70 
3.3. Discussion of Results: VHN Versus 
True Strain Correlations 
The relative ductility and strain hardening behavior 
of these materials are apparent from the plots of micro-
hardness versus true plastic tensile strain; also apparent 
is the inherent scatter in low-load hardness testing. Both 
the HHPB and the HCNS extend to true strains well over 1.0, 
indicating considerable ductility at these lower strength 
tempers. These two materials also showed similar strain-
hardening rates which were markedly higher than that of the 
essentially non-strain-hardening STCNS. 
From the experimental procedure used to generate 
these plots, a lower density of data points was obtained for 
the higher strain levels on the tensile samples. This is 
due to the high strain gradients along the tensile sample 
axes in the necked areas of the samples. The HHPB tensile 
samples exhibited considerable strain over the entire gage 
length, so that no data were obtained for this material at 
true strain levels of less than 0.2. 
3.4. Discussion of Results: Stamping Tests 
The stamping test data in Table 3 shows the percent 
penetration at slug separation decreases with increasing die 
clearance over the range of die clearances tested for both 
the HHPB and the HCNS, in agreement with accepted stamping 
technology. The ranges of slug separation penetrations 
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over this die clearance range is quite small, 43-49% for 
HHPB and 40-47% for HCNS, so that from a workpiece behavior 
standpoint, the difference between 3% and 9% die clearance 
is relatively minor. These percent penetration values each 
represent an average of two measurements; in no case was the 
spread in any such pair of measurements significant. Thus, 
the percent penetration at slug separation was found to be 
distinct for a given material and die clearance under these 
test conditions. 
The percent penetration at slug separation is analogous 
to a percent-reduction-in-area-at-failure parameter for the 
stamping operation. A plot of the percent penetration at 
slug separation in stamping versus the tensile reduction in 
area at failure and versus the tensile true strain at failure 
in Figure 14 show nearly linear relationships. Only the 
HHPB, which has a very high tensile fracture ductility 
shows nearly the same percent penetration at slug separation 
as the less ductile HCNS. This suggests that possibly the 
relationship may level off for materials with a true tensile 
failure strain higher than about 1. 
The maximum nominal shear stress data from the 
stamping tests, given in Table 3, show this parameter to be 
insensitive to die clearance, in agreement with the results 
of Biegel [17] and Masuda and Jimma [20], and in contrast to 
the results of Chang [14] and Tilsly and Howard [16]. 
Maximum nominal shear stress data are plotted against 
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ultimate tensile strength data and against zero-strain 
microhardness in Figure 13. The shear strength versus 
tensile strength data fall close to a straight line drawn 
through the origin; the effective ultimate stress in shear 
[24], is given by 
a j-r = /3T ftL^ 
eff (6) 
where T is the shear stress, is slightly lower than the 
ultimate tensile strength. Ideally, these data should fall 
along a 45° line through the origin (see Appendix 4). Also 
noteworthy in Figure 13 is the apparent relationship between 
the VHN at zero plastic strain and the maximum nominal shear 
strength for these materials. The plots of Figure 13 thus 
give two material properties, the commonly available ultimate 
tensile strength and the easily obtainable VHN on the 
vertical/longitudinal plane at zero plastic strain, which 
can be related to the maximum nominal shear stress of the 
workpiece material in stamping. 
3.5. Discussion of Results: Hardness 
Profiles on Stamping Samples 
The profiles of Figures 9a through 91 reflect the 
inherent scatter in low load hardness testing. It would be 
expected in each case, however, that the extremities of 
the plots should vary about a mean hardness value corresponding 
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to the zero strain hardness for these two materials as 
given in Table 3; i.e. for HHPB the mean VHN should reach 
148HV20Q and for HCNS the mean should reach 177HV2Q0 at the 
extremities of these profiles. This was not always the 
case; for HHPB this extreme mean ranges from the high 140fs 
to the high 160's and for the HCNS plots, the mean at the 
extremities ranges from the mid 170's to the mid 190's. Thus, 
for any given plot, or row of hardness indentations, the 
increase in hardness near the center of the deformation zone 
must be related to the mean hardness at the extremities of 
the plot. These differences in mean hardness in the undisturbed 
regions of the different rows or samples are attributed to 
slight differences in sample preparation, such as differences 
in surface polish qualities. 
Table 5 summarizes the plots of Figure 9 and Figure 
10. The deformation zone widths and maximum VHN values given 
for HHPB and HCNS at 6% die clearance and all punch penetra-
tions, are averages for five rows of the hardness test 
matrices on those samples. All other data in Table 5 are 
based on a single row of hardness tests (see Table 2). 
Deformation zone widths were determined by establishing the 
distance from the deformation line at which the hardness 
values were down to the apparent mean hardness value for that 
row. 
Figures 9a through 9d show pronounced increases in 
the peak hardness at the centerline of the deformation zone 
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Table 5. Summary of Data from Hardness Profiles 
on Stamping Samples 





HHPB 3% 25% .042 221 0.5 
Sep .038 266 2.0>1.4 
6% 11% .046 182 0.06 
22 .052 197 0.15 
33 .052 228 0.66 
Sep .052 243 1.07 
9% 22% .056 212 0.31 
Sep .052 255 1.39 
STPB 6% 13% 0 215 0.52 
• Sep .024 234 5.7>0.7 
HCNS 3% ' 23% .028 214 0.81 
Sep .038 246 4.6>1.1 
6% 11% 0 200 0.24 
22% .018 208 0.53 
32% .0 235 2.9>1.1 
Sep .0 230 2.2>1.1 
9% 19.5% .010 222 1.4>1.1 
Sep .026 258 7.1>1.1 
STCNS 6% 17% .010 277 °°>0. 8 
Sep .019 236 °°>0.8 
These values obtained by inserting the max VHN value 
into Equation 5. Inequalities here indicate the predicted 
strain exceeds the average tensile fracture strain. 
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as the punch penetrates the HHPB workpiece with 6% die 
clearance. As summarized in Table 5, this peak hardness 
increase corresponds to a peak true strain increase from 0.06 
at 111 punch penetration to 0.66 at 33% punch penetration. 
After slug separation the HHPB material at a distance of 
0.0005 in from the fracture surface has been strained to a 
true strain of 1.07. The hardness increase in the deforma-
tion zone of HCNS workpiece samples with increasing punch 
penetration is also apparent in Figures 9e-9h, as summarized 
in Table 5. However at 32% punch penetration and in the 
separated slug, hardness values exceeded the hardness at 
which failure is predicted by the plot in Figure 8c. These 
peak hardness values, when related to the mean hardness 
values in their respective rows, are still above the predicted 
failure hardnesses. This may be attributed to the constraints 
imposed on the workpiece in stamping which differ from those 
imposed in the neck of a tensile sample or these high 
hardness values may be attributed to hardness test scatter. 
At 3% and 9% die clearances, HHPB and HCNS have the same 
deformation zone width at slug separation. At 3% die clear-
ance, the deformation extends into the material approximately 
0.20 inch, or about 15% of the material thickness, from the 
sheared edge. At 9% die clearance this deformation extends 
into the material about 0.26 inch or about 20% of the material 
thickness. At 6% die clearance, however, the deformation 
zone is nearly twice as wide in the HHPB as in the HCNS. The 
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HCNS slug separated at 6% die clearance showed deformation 
extending only about 0.012 inch in from the shear surface 
or about 101 of the material thickness. Three conclusions 
regarding deformation zone widths may be drawn from the 
summary in Table 5. First, it appears this width is related 
to die clearance: the HHPB shows an increased deformation 
zone width from 0.038 to 0.052 inch at slug separation with 
increased die clearance from 3% to 9%, as does the HCNS. 
Second, the HHPB exhibits a constant deformation zone width 
with increased punch penetration while the HCNS exhibits an 
increasing deformation zone width with increased punch pene-
tration. These relationships hold true at all die clearances. 
The third conclusion is that the tendency of the 
workpiece material to spread the stamping shear deformation 
over a wide deformation zone is apparently unrelated to the 
work hardening exponent of the material, given in Table 3. 
The HHPB and HCNS materials have similar work hardening 
exponents yet develop shear deformation zones quite differ-
ently. Although at 6% die clearance the STPB shows a much 
more narrow deformation zone than the HHPB which work 
hardens more, the STCNS, which work hardens very little, 
has the same deformation zone width at slug separation as 
the HCNS which work hardens much more than the STCNS. 
Figures 11a through lid indicate the hardness gradients 
along the deformation lines assume a "W" shape with peak 
hardness near the die edge and slightly lower hardness near 
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the punch edge as the punch approaches the separation pene-
tration. A slight increase in hardness near the center of 
this line is also indicated. Only the HHPB sample failed 
to show these trends. The concentrated work hardening 
indicated at the punch and die edges is in agreement with 
the conclusions of PERA [15]. 
This evidence of maximum work hardening in the areas 
of the deformation zone nearest the punch and die corners 
is further substantiated in Figures 12a through 12c. Here, 
crack initiation is seen at the punch corner at 40% punch 
penetration with 6% die clearance on the HHPB sample, Figure 
12a, and at 38% penetration with the same clearance on the 
HCNS sample, Figure 12b. By contrast, the crack formation 
on the STPB sample, Figure 12c, is at the die corner, with 
no apparent cracking at the punch corner of that sample; 
here the punch penetration is 23%. A sample of STCNS showing 
crack formation was not obtained among ten samples penetrated 
to near slug separation. 
3.6. Discussion of Results: Strain 
Rate Sensitivity Tests 
Two trends are apparent from the strain rate sensi-
tivity data given in Table 4: 
(a) All materials, except the HHPB, show slightly 
increased a,ITS with increases strain rate over this range. 
(b) The two spring temper materials show a dip in 
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ductility parameters (%RA and Cr) at the middle strain rate, 
0.007 sec . However, both materials show a large spread in 
IRA and Zr between the two samples, so that a conclusion 
cannot be drawn that tensile fracture ductility is strain 
rate dependent within this range of strain rates. The two 
lower temper materials do not reflect a ductility sensitivity 
to strain rate in this range. 
The stamping tests were performed at a strain rate 
which varied somewhat, but approximated 0.007 sec in shear. 
It may be concluded from these strain-rate sensitivity data 
that there is no change in the ductility of either the phospho 
bronze or the Cu-Ni-Sn materials over a range of strain rates 
of three orders of magnitude covering the rate at which these 
stamping tests were performed. A typical strain rate for 
a production stamping operation might be of the order of 
200 sec or higher in shear. A test facility was not 
available for comparing ductility parameters for these 
alloys at strain rates of that order, so no conclusion can 




CONCLUSIONS AND RECOMMENDATIONS 
Correlations were observed between ductility and 
strength properties of these copper alloy strip materials, 
as obtained from hardness and tensile tests, and ductility 
and strength performance characteristics in static shearing 
tests. Either the Vickers hardness number, measured as 
described here, or the ultimate tensile strength gives an 
indication of the ultimate nominal shear stress to be 
expected. The percent reduction in area, or true strain at 
fracture in tensile tests is related to the percent punch 
penetration at slug separation. Additional tests could 
reinforce these trends by extending the range of mechanical 
property values for these or similar copper alloys, investi-
gating other tempers or compositions of these alloys. This 
would facilitate establishment of press load requirements 
and die clearance determination. 
The peak load on the stamping punch was found to be 
insensitive to die clearance. The percent punch penetration 
at slug separation was found to be repeatable and distinct 
for a given workpiece material and die clearance, but was 
found to decrease over a fairly narrow range for increasing 
die clearances from 3% to 9% for the lower temper materials. 
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The microhardness surveys on sectioned stamping 
samples showed the shear deformation zone width increases with 
die clearance, but varies independent of the strain-hardening 
exponent of the material. In the Cu-Ni-Sn alloy the deforma-
tion zone widens with punch penetration but is constant with 
increased punch penetration in the CA510. As expected, the 
peak hardness in the deformation zone was found to increase 
with increasing punch penetration. Hardness surveys down 
deformation lines of sectioned stamping samples revealed 
maximum work hardening at the punch and die edges. Crack 
formation initiating slug separation was found to take place 
at the punch and die edges. 
Microhardness test data from tensile test samples, when 
fitted to the generalized Holloman stress-strain relation-
ship, showed a small drop in the strain-hardening exponent 
for the CA 510 between cold-rolling reductions of 201, 
corresponding to the half hard temper, and 60%, corresponding 
to the spring temper. By contrast, the Cu-4Ni-4Sn alloy in 
the hard temper (37-1/21 cold-rolling reduction) had a 
strain-hardening exponent similar to the half hard CA 510, 
but in the spring temper the Cu-4Ni-4Sn had a strain-hardening 
exponent of zero, implying essentially no strain hardening 
capacity in this alloy in the higher temper. The spring 
temper CA 510 had a lower ultimate tensile strength than 
expected; it was only slightly higher than that of the hard 
temper Cu-Ni-Sn and was well below that of the spring temper 
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Cu-Ni-Sn. The fracture ductility in both alloys decreased 
in the higher tempers; in the spring temper the Cu-Ni-Sn 
showed a higher fracture ductility than the CA 510. 
In order to extend these conclusions to production 
stamping, a press with suitable instrumentation for monitoring 
dynamic stamping loads would be necessary to check these 
results at speeds several orders of magnitude higher. 
However, neither the phosphor bronze nor the Cu-Ni-Sn alloy 
showed any significant strain rate sensitivity over three 





PRELIMINARY INVESTIGATIONS AND DETERMINATIONS 
Partially penetrated stamping specimens of 0.020 in 
thick spring temper CA 510 phosphor bronze were metallographi-
cally sectioned for observation by light microscopy. The 
punch and die used were designed as shown in Figure Al-1, 
but were extremely dull when used for this exercise. Measure-
ments of the width of the zone of observable grain structure 
deformation at 100X at different punch penetrations showed a 
linearly increasing deformation zone width with increased 
punch penetration, Figure Al-2. A photomicrograph of a sample 
shear deformation zone at 100X is shown in Figure Al-3. 
Three conclusions were drawn from this exercise: 
(a) The deformation zone width for spring temper 
CA 510 could be as wide as a third of the workpiece material 
thickness. 
(b) With a dull punch and die, which condition would 
delay slug separation, the punch penetration at slug separa-
tion reached a maximum of 75% for the spring temper CA 510. 
(c) The deformation zone apparently widens with 
increased punch penetration; this conclusion was not found to 










4 U, L^ K 
4 K 
\ \ \\ "7 TT 
'PeONT" OlCiO sioe-"Die<o 












1 i I I 1 1 
c > .ooz .oo4 .00b ,00* .0(0 .ort 
Pwicd rcweramoM f w. 
Fig. A1-2. Deformation Zone Width Versus Punch Penetration 5? 
86 
Fig. Al-3. STPB Shear Deformation, 0.020 
Thick, 25% Punch Penetration (100X) 
In. 
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Next, microhardness tests were made in a 3X9 matrix 
array on each of the two exposed deformation zones of a 
metallographically prepared sample of 0.020 inch thick 
spring temper CA 510 penetrated about 37% with the punch and 
die described above. For these tests, the Vickers diamond 
pyramid indenter was used with a 50-gm load for one array 
and a 100-gm load for the other. The results are shown in 
Figure Al-4. The following conclusions were drawn from this 
exercise: 
(a) Discrete patterns of work hardening under these 
conditions can be detected by such grids of microhardness 
tests. 
(b) Hardness data from the row extremities of the 
arrays are useful for defining the base hardness of the 
undeformed material near the deformation zone for the 
particular sample being tested. 
(c) The Vickers indentations made with the 50-gm 
load were not noticeably harder to measure than the larger 
indentations made with the 100-gm load; both gave similar 
work hardening profiles although those made with the 100-gm 
load had necessarily larger spacing. 
Trial microhardness tests were also done using the 
Knoop indenter at loads of 25 and 50 gm on half hard CA 510 
and at a 50-gm load on spring temper CA 510. Although the 
long axis of the indentation was easily measured at both 
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sensitive to directional strength characteristics of the 
material: tests on the half hard temper in the plane of the 
strip showed an average of 202HKrQ with the long axis of the 
indenter oriented with the strip rolling direction and 
181HK5n with the indenter turned 90°. The corresponding 
Knbop hardness values for spring temper were 232HK,-ft and 
214HKr0, respectively. This orientation sensitivity made the 
Knoop test unsuitable for the present investigation since the 
complex strain patterns expected on the stamping samples 
would give unpredictable strength directionality. 
The Vickers indenter was chosen instead for its 
relative insensitivity to the planar anisotropy of the test 
sample. A test load of 200 gm was chosen to overcome any 
grain size or other highly localized effects and help improve 
measurement repeatability. 
Measurements were taken of the final cross-sectional 
areas of extra hard temper phosphor bronze tensile test 
specimens pulled to failure; the specimen thickness was 
0.020 inch. Measurements were taken of both halves of each 
specimen to assess the accuracy and repeatability of the 
measurements. On three specimens measured, area measure-
ments differed by 4.81, 3.5%, and 2.1% from one half of a 
specimen to the other. It was concluded that fracture area 
measurements performed as these were would be reliable to 
within 5 percent accuracy. 
Based in part on these preliminary exercises the 
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following judgements were made. The deepest punch penetra-
tion to be expected on any material before slug separation 
was conservatively estimated at 80 percent. In order to 
perform microhardness surveys arranged as shown in Figures 
6a and 6b on samples at four evenly spaced increments of 
punch penetration from zero to and including slug separation, 
the height of the deformation zone could be a minimum of 20 
percent of material thickness and must be nine times the 
maximum anticipated spacing requirements for the hardness 
indentations. The half hard CA 510 was assumed to have the 
lowest zero-strain hardness; preliminary tests on available 
HHPB samples suggested a zero plastic strain hardness of 
about 150HV200 in the vertical/longitudinal plane of the 
strip. Using a minimum center to center spacing between 
indentations of 3.4 times the indentation diagonal (a discussion 
of this spacing is given in Appendix 2), the requisite material 
thickness was suggested to be 0.24 inch by the following 
relationship given by McClintock and Argon [26] for the 
diagonal of the Vickers indentation: 
VHN = 1.854 P/d2 (Al-1) 
where P is the hardness test load and d is the average of 
the two indentation diagonals. Since this requisite sample 
thickness estimate had been arrived at by a series of grossly 
conservative estimates, the material thickness for the 
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experiment was selected at 0.125 inch. The lengths of the 
hardness survey matrix rows were chosen based on the assump-
tions that the deformation zone width might be a third of 
material thickness, about 0.040 inch or more; a row length 
of .240 inch with 35 evenly spaced indentations was chosen, 
again based on an assumed minimum hardness of 150HV 2 0Q, to 
give sufficient hardness data from the row extremities to 
establish the hardness of the undisturbed material for that 
row. 
Thus, standard 5X35 matrices of hardness tests were 
made with the Vickers indenter and a 200-gm load, for the 
initial series of tests on 0.125 inch thick HHPB and HCNS 
with 6% die clearance. Based on the results of this first 
series of tests in the experiment, it was concluded, in 
concurrence with PERA [15], that a single row of hardness 
tests would yield sufficient information about work-hardening 
levels and deformation zone widths for subsequent tests in 
the experiment. 1X15 indentation matrices were chosen for 
subsequent tests on STPB and STCNS at 6% die clearance and 
on HHPB and HCNS at 3% and 9% die clearance. 
92 
APPENDIX 2 
HARDNESS INDENTATION SPACING 
ASTM Standard E384-73, "Standard Method of Test for 
Microhardness of Materials," essentially recommends a 
minimum spacing between adjacent hardness indentations such 
that there is no overlapping of the deformed areas of the 
indentations. 
O'Neil [26] recommends a center-to-center spacing 
between adjacent hardness indentations of 3 times the indenta-
tion diagonal, d, and a spacing from indentation center to 
any sample edge of 2.5d. Argon and McClintock [26], however, 
state that the linear dimensions of the deformed area 
around the Vickers indentation are 3.4d, which suggests a 
center-to-center spacing of 3.4d. 
This last multiple, 3.4, was used for preliminary 
calculations and laying out hardness indentation matrices, 
however, in the experiment, the minimum actual center-to -
center spacing between adjacent hardness indentations was 
over 3.6 times the diagonal of either indentation in the 
worst case, and in no case was an indentation closer than 3 




The pages that follow include samples of data taken 
and written explanations of the calculations made to apply 
the Bridgman Correction Factor to the true tensile stress 
at failure data and to obtain the VHN Versus True Strain 
correlations. The procedures for these steps in the experi-
ment are given in some detail in Section 2.4. 
The reader should be able to follow the experimental 
procedure given in Chapter II for an understanding of other 
calculations made in the course of this experiment. 
Sample Calculations for Application of the Bridgman 
Correction Factor to Tensile Fracture Stress Data 
For tensile sample No. 1 (of HHPB), the mean thickness 
of the fracture surface was estimated to be 0.0555 inch. 
Thus, "a" in Equation (4) is estimated to be 0.02775 inch, 
or half the mean thickness. For this sample, radius gages 
of 3/64 inch and 1/16 inch radii most closely fit the contours 
of the two sides of the sample, so "R" in Equation (4) was 
estimated to be the average of these two radii, or 0.0547 inch. 
The ratio "a/R" in Equation (4) is 0.02775/0.0547, or 0.5073. 
Inserting these values into Equation 4, the Bridgman Correc-
tion Factor is calculated to be 1/1.153. 
Table A3-1. Tensile Test Results 
* * * 
Sample No. aQ 2% UTS af ef 
01 58.46 65.54 192.21 1.43 
02 57.45 65.65 201.32 1.46 
03 59.69 65.54 166.67 1.28 
HHPB AVE 58.53 65.58 186.73 1.39 
04 77.29 85.80 120.75 0.53 
05 86.16 88.36 169.77 0.85 
06 85.85 87.11 116.48 0.61 
STPB AVE 83.10 87.09 135.67 0.66 
07 80.82 82.08 109.91 0.97 
08 79.37 80.95 140.50 1.05 
09 
HCNS AVE 
76.27 81.01 179.84 1.16 
78.82 81.35 143.42 1.06 
10 97.97 100.68 155.90 0.79 
11 94.92 97.63 166.53 0.89 
12 98.98 99.32 142.57 0.66 




The true fracture stress for this sample was calcu-
lated to be 192,210 psi by dividing the fracture load by the 
area of the fracture surface on this tensile sample. To 
account for the effect of the biaxial stress state in the 
necking tensile sample as described by Bridgman, the correc-
tion factor was multiplied by this true fracture stress to 
get (192,210 psi)(1/1.153) = 168,000 psi as the equivalent 
uniaxial tensile stress. 
A Bridgman Correction Factor was calculated in this 
way for each tensile sample and applied to the calculated 
true fracture stress for that sample. Both the uncorrected 
and the corrected true fracture stresses from the three 
tensile samples of each material were averaged together. 
These results are given on the following page. 
Sample Calculations for the Determination of the 
VHN Versus True Strain Relationships 
A typical plot of tensile sample width versus distance 
from a preselected reference point on the fracture surface, 
as described on pages 20-21, follows. When this tensile 
sample was mounted and the first microhardness indentation 
was made at a distance of 0.13 mm from the fracture surface 
along the sample axis, the distance from the reference point 
to the first indentation, measured parallel to the sample 
axis, was -0.0196 inch. Since each successive hardness 
indentation was made at 0.18 mm, or 0.007 inch from the 













































































previous indentation, each indentation could be located on 
the plot of width versus distance from the reference point. 
For instance, the fifth indentation was four times 0.007 
inch from the first, or -0.0196 inch + 4X0.007 inch = 0.0084 
inch from the reference point. At this point on the width 
versus distance plot, the width is 0.1595 inch, which was 
entered in the table of data for sample no. 1 included here. 
The thickness at the fifth hardness indentation on this 
sample was measured on the sample as 0.0659 inch and recorded 
in the same table of data. The tensile sample width and 
thickness at the fifth microhardness indentation are now 
known, so that the sample cross-sectional area at the indenta-
tion can be calculated. This area was then divided into 
the original cross-sectional area of the tensile sample and 
the natural log of this ratio gives the true tensile plastic 
strain at the fifth hardness indentation. The cross-
sectional area is thus A = (0.0659 inch)(0.1595 inch) = 
0.0105 in . The original cross-sectional area of this tensile 
2 
sample was measured to be 0.0325 in , so e = In (0.0325/0.0105) 
= 1.13. This datum point (246HV2Q0, 1.13) is encircled in 
Figure 8a, page 36. 
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.HS .200 . f t t .tfo .?7S .fco . # * .3$o 
Tensile Sample 1: HHPB; VHN vs. e Data 
VHN t Dist. w A 
256 .0496 -.0196 .1492 .0074 
268 .0525 -.0125 .1500 .0079 
270 .0563 -.0054 .1511 .0085 
269 .0607 .0016 .1554 .0094 
246 .0659 .0084 .1595 .0105 
252 .0708 .0158 .1631 .0116 
234 .0760 .0229 .1673 .0127 
238 .0798 .0300 .1704 .0136 
238 .0835 .0371 .1743 .0146 
219 .0965 .0725 .1896 .0183 
210 .0982 .0796 .1922 .0189 
228 .0992 .0866 .194 .0192 
229 .1004 .0937 .1966 .0197 
224 .1013 .1008 .1985 .0201 
212 .1020 .1079 .2002 .0204 
214 .1030 .1150 .2016 .0208 
219 .1035 .1221 .2029 .0210 
206 .1043 .1292 .2043 .0213 
222 .1052 .1362 .2054 .0216 
214 
224 
.1052 .1433 .2068 .0218 
.1057 .1504 -.2076 .0219 
208 .1063 .5175 .2090 .0222 
222 .1068 .1646 .2097 .0224 
224 .1069 .1717 .2107 .0225 
205 .1073 .1787 .2114 .0227 
226 .1074 .1858 .212 .0228 
211 .1077 .1929 .2126 .0229 
212 .1081 .2000 .2133 .0231 
198 .1084 .2071 .2138 .0232 
204 .1088 .2142 .2143 .0233 
218 .1088 .2212 .2148 .0234 
215 .1091 .2283 .2153 .0235 
216 .1094 .2354 .2156 .0236 
225 .1096 .2425 .2161 .0237 
206 .1098 .2496 .2166 .0238 
*Datum point in sample calculation 
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No. VHN t Dist. w A In AQ/A 
40. 215 .1096 .2567 .2169 .0238 .313 
225 .1100 .2637 .2172 .0239 .308 
222 .1099 .2708 .2175 .0239 .307 
216 .1102 .2779 .2179 .0240 .303 
205 .1101 .2845 .2182 .0240 .302 
45. 205 .1105 .2921 .2186 .0242 .297 
219 .1106 .2992 .2189 .0242 .294 
207 .1107 .3062 .2191 .0242 .293 
210 .1109 .3133 .2193 .0243 .29 
212 .1111 .3204 .2196 .0244 .287 
50. 208 1112 3275 2199 0244 .284 
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CHART NO. 1012 SATEC Systems, 
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APPENDIX 4 
INITIAL WORKPIECE STRESS STATE 
Consider the combination of shear and bending loads 
imposed on the workpiece by the punch and die in the die 
clearance zone at the instant of punch contact with the 
workpiece. Obviously the bending component will be much 
lower than the shear component on an element oriented with 
the die. Figure A4-la shows the imposed stresses on an 
element of workpiece material in the die clearance zone near 
the top surface of the material and close to the punch edge. 
Figure A4-lb shows a Mohrfs Circle representation of such a 
loading arrangement. Note that the maximum shear stress 
occurs on a plane inclined slightly counterclockwise from the 
vertical. 
A . SrcessGs **t AW CtEmWr 
B. M&H&'S Cioafe- c*. I*POS$D 
sraesi s-renc. 
Fig. A^-l. Initial Workpiece Stress State 
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